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Magnetic Linear X-Ray Dichroism as a Probe of the Magnetocrystalline Anisotropy
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We show that for itineranBd transition metal systems the magnetocrystalline anisotropy energy is
directly related to the anisotropic part of the spin-orbit interaction, rather than to the orbital part of the
magnetic moment as was previously suggested. We further show how the spin-orbit anisotropy can be
obtained by applying the sum rule for magnetic linear dichroism in x-ray absorption. This provides an
element specific tool to study metallic multilayer systems displaying novel magnetic properties, such as
perpendicular magnetic anisotropy. [S0031-9007(98)08258-1]

PACS numbers: 75.30.Gw, 75.25.+z, 75.70.—i, 78.70.Dm

Although the microscopic origin of the magnetic this seems to be quite a crude portrayal of its capabili-
anisotropy has been studied for the last six decades [1,2fies, especially if we compare this to MCXD where ap-
interest has recently been revived by the advent of artifiplication of the sum rules enables a precise description in
cially made multilayers exhibiting perpendicular magneticterms of orbital and spin magnetic moments. A detailed
anisotropy (PMA). These layered structures, where eachpecification of(M?) in the case of MLXD is therefore
layer consists of different metals with a thickness of a fewhighly desirable. Another open question is the actual size
atomic layers, display a quasi-2-dimensional behaviorof the MLXD signal. If MCXD is proportional to(M)
Anisotropy in the chemical bonding and crystalline and MLXD is proportional ta{M?) then why is the latter
structure leads to different in-plane versus out-of-planesffect so much smaller i3d transition metals? In this
properties which modify the magnetic moments. Theletter we will show that the MAE can be directly related
preferred magnetization direction changes from in-planeo the anisotropic spin-orbit interaction and by using the
to perpendicular when the magnetocrystalline anisotropyesults from the sum rules for linear dichroism we can
energy (MAE) is strong enough to overcome the shapelevelop a practical tool to study the anisotropic magnetic
anisotropy arising from the dipole-dipole interaction be-properties of multicomponent heteromagnetic systems.
tween the individual magnetic moments. The large MAE The expectation value of the spin-orbit interaction in
is attributed to the symmetry breaking at the interfaces3d transition metals can be obtained with perturbation
which partially removes the quenching of the spin-orbittheory because the spin-orbit constant is between 40 and
interaction normally occurring in bulk transition metals. 80 meV, which is small compared to ti3/ bandwidth

The behavior of the magnetic moments3i# transition  of a few eV. If we assume an unperturbed sfapewith
metals with respect to the structural properties is primarilyenergye,, which mixes with excited statd%) due to the
controlled by the small componefit10%) arising from interactionA{;, whereA = [ - s and {; are the angular
the orbital part of the wave function. Using second-orderand radial part, respectively, of the spin-orbit operator for
perturbation theory Bruno [3] showed that the MAE canthe [ shell, the change in the ground state wave function
be related to the expectation value of the orbital momenis, in first order, given as

(L). This model was corroborated by Wellet al. [4] . (kNG |s)
who measured the anisotropy of the orbital moment with s = > p— |k) . 1)
magnetic circular x-ray dichroism (MCXD). However, k#s =8 k

the observed orbital moment has to be scaled down in The expectation value of up to second order is
order to match value of the MAE. The issue continues A = (s + s'|Als + )
to be of great interest, also because the technological 5
importance is high. = (slAls) + 2 alsiAlol” - )

In this Letter we propose a radically different way to izs €5 — €k
obtain the element-specific MAE, namely by using mag- - : .
netic linear x-ray_dichrois_m (MLXD_). Although MLXD_ gironrirI]g?SZrotErt());tiE?\. S(gzlevrﬂ?ytiZFd:nergy calculated in &
has been recognized for its potential to measure besides
ferro- and ferrimagnets also antiferromagnets, there have LAy = €V +2e® + | (3)
been few reports [5—8] compared to hundreds of MCXD,

(n) . .
studies. This might be due to the fact that it is not generyvhere €," Is the nth order correction to the energy. In

ally known what information is actually contained in the itinerant 3d transition metals the first-order term usually

MLXD spectrum. It is often mentioned that one measuresVanIShes [9], so that |
the square of the magnetic moment, i{@2). However, e? =2 5(A). (4)
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When alld holes are in the minority spin band, such aswhere P;;, represent the radial-matrix elements of the

in a “hard” ferromagnet, we can substitute) = —% S j. — [ transitions andwy ) are the expectation values
(L), whereS$ is the unit vector along the spin direction, of the ground state moments in tAedirection [14]. w**
and Bruno’s formula [3] is retrieved, are tensor operators, where the orbital momeand spin

€® = _1as 1y (5) momenty are coupled to a total moment The underscore

s 40l ’ denotes that the operators act on hole states, instead of

giving the relation between the MAE and the orbital mo-electron states, as is appropriate for XAS. Tensors with
ment. Whereas the left and right hand sides of Eq. (4) = 0 are spin independent and whenis even they

are invariant for symmetry operations of the lattice, thisdescribe the shape of the charge distribution, i.e.,
is not the case for Eq. (5), where the energy has different

i i i i W) = (ny) (7
transformation properties than the projected orbital mo- s his
ment. Because of time reversal symmetry the orbital mo- 202 1 ) 5
ment changes sign when the spin direction is reversed, W) = o 3 — F1={q2), (8)
which means that” = — 3 ¢S - [(L!) — (L)]. How-  give the number of holes and the quadrupole moment of

ever, the projected orbital moment measured with MCXDthe / shell, respectively. Tensors*'* describe spin-orbit
is S - [(L") + (LY], so that Eq. (5) becomes inadequatecorrelations,

when there are also holes in the majority spin band. Fur- ! 1
thermore, as pointed out by Warg al. [9] the orbital W ) = 5 {l = 5) = 35 (Lese + Lysy + Lsz) = (i),

moment operator acts only between states that conserve 9)
the spin and therefore cannot account for the spin-flip

SF . ; 3
excitations from the occupied to unoccupied states near (wh!2y = %[3@2&) — (- )] = 2 (Aa), (10)

the Fermi level. Therefore, Eq. (4) is better suited to
describe the MAE, but to turn it into practical bene- give the isotropic and anisotropic part of the spin-orbit
fit we require, of course, a measurement that gives theoupling, respectively. The latter relates to the difference
spin-orbit interaction. It is well known that by using in probability for/ ands parallel and perpendicular to the
the sum rule for the isotropic x-ray absorption spectrum direction. Similarly (w3 '?) gives the coupling between
the ground state spin-orbit interaction can be obtaineghe charge octupole moment and the spin moment to a to-
from the branching ratio of the spin-orbit split core level tal magnetic quadrupole moment. An explicit expression
edges [10]. However, in practice the isotropic spectrum igan be found in Refs. [11,13]. All tensors are normalized
rarely measured, since the x rays are either linearly or cirsuch that(wy*) = (=1)* for the magnetic ground state
cularly polarized. An extension of this sum rule to MLXD levelM = —J of the/ shell containing a single hole, e.g.,
has been given by Caret al. [11], and further general- d° *Dspp(M = —5/2).
ized to resonant magnetic scattering by Leipal. [12]. Intuitively, the result of Eq. (6) can be understood if
These theoretical studies give the result in a general fornve consider the sump = I; + [; , and the weighed
which is suited as a starting point of our treatment. difference, s = 1;, — #I/;, of the integrated signals
We consider an atom in an arbitrary ground state, wherever the j. edges and take the radial-matrix elements
an electron from a core shellis excited by electric dipole equal. The sum signah, depends only on tensors with
radiation into a partly occupied valence shell The core x even andy = 0. It gives the charge density of the
level is split by spin-orbit interaction into the levels =  unoccupied states of theshell along theZ axis. The
c=* % We assume that there is no spectral weight transfdight acts only on the orbital part of the wave function,
due to core-valence interactions, i.gis a good quantum so that the integrated signal summed over the two edges
number and also that the radial-matrix element is constang independent of the spin. Also by integrating over
over eachj- manifold. Under these assumptions the usehe entire spectrum we average over all possible core
of angular momentum algebra allows a straightforwarchole orientations, therefore the core hole properties drop
derivation of the sum rules with the results described byut and only the ground state properties of thshell
a linear combination of tensor operators [13]. Takingremain. The difference signad, is determined by spin-
the intensity measured with linearly polarized light equalorbit coupled tensorgy = 1). The strong spin-orbit
to 3 (I° + 1%), whereI° and I are the isotropic signal interaction of the core hole couples the orbital moment to
and linear dichroism, respectively, we find [e.g., by usingthe spin moment, which allow the measurement of spin
Eqg. (20) in Ref. [13]] the integrated absorption signal atdependent properties. If the total angular momentum

the j+ edge as of the core hole is a good quantum number, we can
;. = {2j¢+1 [ + (w202)] integrate over a complete set of basis states and the
Ix 6 = =0 core hole properties disappear. However, this criterium
2 3 is only fulfilled in the absence of; mixing, i.e., when
= ST+ )+ 3PP y Jj mixing

the core-valence electrostatic interaction can be neglected
(6) with respect to the core spin-orbit interaction. If not,
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therg will be a transfer of spectral weight between the 5 _ [(A) (AU + %AUM) + %<M3)12>AU422]
two j levels [10].

The sum rules have been derived for a collinear X (51Pj. 1> + 0;1 1P %). (18)
geometry, where the directions of the polarization and . ) )
magnetization are parallel. For a generalization we neef/hen the radial-matrix elements are equal the ratio
to include the anisotropic properties of the material. The?€COmes
sample can have an easy axis of magnetizatipnyhich 5 (A)AU™ + 2AU™) + 2wy HAU*?
is along a high-symmetry direction of the crystal lattice, — = (g AU )
and it can be magnetized in a directidh by an applied 9 (19)
magnetic field. Then the expectation values of the tensors _ _ N
along the directionP, which coincide with the linear Wwhich is generally valid for dipole transitions— ¢ + 1,

polarization direction of the x rays, are given by [15] suchas — p, p — d, andd — f.
110y _ /). 220/ A X1 B MLXD can be measured in various ways. A common
() = ) + (AU (f’l\i[’P)’ (11) way is to keep the magnetization along the easy direction
w2 = 2 (A )U2(e, M, P), (12) (M &) and to rotate the polarization direction. In

cylindrical symmetry this gived/¢*® = 1 and U*? =

202\ __ 202/ NI P
3 _ 3 AN P
w?'?) = (wpHU (2, M, P), (14) 5 _ 3 () + wi?) (20)
where U< are multipole functions, which give the p 5 (q.) '

angular depende_npe with respect to th? directionsl, Alternatively, we can keep the linear polarization
andP. 'I_'he explicit form of _these functions _depends Onalong the easy directiofiP || ) but change the mag-
the specific symmetry. For instance, a multilayer SYSten) otization direction. which gives that/*c = 1 and
homogeneous within the planes of the layers can b%azc _ 1[3(,§ i 1\7[)2’— 1]. This results inp = 0 and
treated in cylindrical symmetry witil along the surface g 2 3, 312 ) P

8 « 5(A,) + 5{(wp *), hence the dependence on the

220 — 1 A& . NT2 — H
E(;mZﬂ) 22}}?0? ?sasiﬁ]dependze[r?t(sofPM) Thisl]iﬁlSStr\g'lttehs spin-orbit anisotropy is enhgnced. Th_e origin of this en-
thét c= 0_corresponds to a monop.ole distribution with hancement becomes clegr i we consder Eq. (11) Whlc.h
respect toP and thath — 2 corresponds to a quadrupole shows_ th.at the scalar_spln-o_rblt interaction in a magnetic
distribution with respect toM. The U functions are matena! is no Ionger isotropic when there is a preferred
normalized to unity fore || MIII P in which case the magnetic orientation. This effeqt can be observed only
) ' Ty upon rotation oM but not wherP is rotated.
expectation vglues become equa(@ .>’ l.e., the values The sum rules also allow us to determine the magnitude
along theZ direction. In the derivation of Eqgs. (11)— of the MLXD sianal. The atomic values O{W112>
(14) we considered only magnetic moments upMo 312 gnal. X =0 7
and (wp -) are large (near unity, unless they vanish

and assumed a point group symmetry higher than In on symmetry grounds) which can be verified from the

lower symmetry ther_e can be more than one quadrupoIgalculated values for transition metal compounds [16],
moment, which requires an extra index [15].

Generalization of Eq. (6) to include the angular depen—rare earths [11], and actinides [17]. However, in metallic

_ , . 3d systems the spin-orbit interaction is strongly reduced
ggggeagf Egs. (11)-(14) gives the total signal overjthe by the crystalline field. Furthermore, iB, and higher
2j-+1

oA symmetry the orbital octupole moment vanishes, so that
1. (8. M.P) = {Z¢= [(nn) + (q:)U"] we can often negledv'?).
. Sy 20 , 35,002 At surfaces and interfaces the MAE can be strongly
= 5K + A (UTT A+ 50U enhanced compared to bulk materials due to an increase
3 . . L
n §<m812>U422]}|P1,,,-1|2- (15) in {A,). Th_|s can be related to a rgduced cogrdlnatlon
number which narrows théd band width and gives an
In an arbitrary MLXD experiment we measure the €nhancement of the spin moment. Furthermore, a reduc-
difference in signal between the geometrigsvI, P) and ~ tion of the symmetry can change the orbital degeneracy;

(¢, M, P), which will lead to changes in the multipole there can be a change in the density of states near the
functions equal to Fermi level; the presence of surface roughness, interdiffu-

AU = yabe(a, N, P) — U (2, M, D). (16) sjon, steps, or terraces can increage _the electron chaliza-
. T L tion, leading to more localized atomiclike wave functions;
With Eg. (15) the sum and weighted difference of the qnfinement of the electronic wave function can lead to
integrated signals over thg. edges of the MLXD gy mmetry breaking and localization; and strain-induced
spectrum are - , anisotropy due to the lattice mismatch of the substrate can
p = (g)AU (S|P P + 51P ), (17)  break the lattice symmetry of the film. An estimate of the
spin-orbit anisotropy iBd transition metal thin films can
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be obtained by looking at the value of the orbital momentground state of thg¢” configuration(w?3'?) = 0 for n =
measured with MCXD. For instance, in the ATio/Au 2,5,6,7,9,and 12 [17].

system Welleet al. [4] found an anisotropy in the Cad Summarizing, we demonstrated that the sum and
orbital moment of~0.1ug. Assuming that all/ holes are  weighted difference signals over thg edges in the
in the minority spin band, this yields\,) = 0.05. MLXD spectrum are proportional to the anisotropy

The branching ratioB = I;, /(I;, + I; ), provides a in the charge distribution and spin-orbit interaction,
useful way to monitor small changes ). Equa- respectively. Because the latter is directly related to the

tion (15) yields MAE, MLXD can become a valuable tool to measure the
B =~ By + (1 — Bo) )/ (np) (21) magnetocrystalline anisotropy energy of thin films and
’ multilayers in an element-specific and laterally resolved

where By, is the statistical value, which is equal o +
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